The mineralocorticoid hormone, aldosterone, is known to play a role in sodium homeostasis. We serendipitously found, however, highly significant association between single-nucleotide polymorphisms in the aldosterone synthase gene and plasma glucose levels in a large population of Chinese and Japanese origin. Two polymorphisms-one in the putative promoter (T-344C) and another resulting in a lysine͞arginine substitution at amino acid 173, which are in complete linkage disequilibrium in this population-were associated with fasting plasma glucose levels (P ‫؍‬ 0.000017) and those 60 (P ‫؍‬ 0.017) and 120 (P ‫؍‬ 0.0019) min after an oral glucose challenge. A C͞T variant in intron 1, between these polymorphisms, was not associated with glucose levels. Arg-173 and -344C homozygotes were most likely to be diabetic [odds ratio 2.51; 95% confidence interval (C.I.) 1.39 -3.92; P ‫؍‬ 0.0015] and have impaired fasting glucose levels (odds ratio 3.53; 95% C.I. 2.02-5.5; P ‫؍‬ 0.0000036). These results suggest a new role for aldosterone in glucose homeostasis.
H
ypertension affects 15-50% of the adult population and is one of the major risk factors for stroke, myocardial infarction, and renal disease. Despite intense effort, our understanding of heritable factors in the etiology of hypertension is rather poor. Twin, adoption, and epidemiologic studies indicate that variation in blood pressure (BP) is genetically determined to some extent (1) (2) (3) . Insulin resistance, defined as the sluggish uptake of glucose by peripheral tissue in the presence of normal or elevated levels of insulin, is frequently associated with hypertension (4) . One of the goals of the Stanford, Asia, and Pacific Program for Hypertension and Insulin Resistance (SAPPHIRe) study is to identify predisposing genes for essential hypertension and insulin resistance.
To maximize our chances of finding susceptibility genes for these diseases, we took several steps. First, in an attempt to reduce genetic heterogeneity, we focused on a relatively homogeneous population of Chinese and Japanese descent. Second, we sampled subjects from tails of the systolic or diastolic BP distributions-the affected hypertensives were recruited from the upper 20% of the distribution, whereas the unaffected ''low-normotensive'' individuals had BP readings in the lower 30% of the distribution (5) . Third, because recent theoretical work suggests that association studies might be adequately powerful to detect susceptibility loci that have a modest effect on the phenotype (6), we began candidate gene studies by testing specific variants in genes that might, for biological reasons, be expected to be involved in BP regulation or glucose homeostasis for association with hypertension or insulin resistance.
The mineralocorticoid hormone, aldosterone, by determining the amount of sodium and water reabsorbed by the kidney, plays a key role in regulating BP (7) . Indeed, mutations in the aldosterone synthase gene or in the receptor for the hormone can cause Mendelian forms of hypertension and hypotension (8) . For this reason, we evaluated single-nucleotide polymorphisms (SNPs) in the aldosterone synthase gene for association with hypertension. We unexpectedly found, however, that genetic variation in this gene is associated with plasma glucose levels and diabetes status in this population.
Materials and Methods
Subjects. Individuals were recruited as part of the Stanford, Asia, and Pacific Program for Hypertension and Insulin Resistance study, and details of the study population have been published (9) . Briefly, hypertensive subjects of Chinese and Japanese origin were recruited in the San Francisco Bay area, Hawaii, and Taiwan. Hypertension was defined as BP in the upper 20% of the systolic or diastolic BP distributions. In our population, these thresholds translated into the following values: systolic BP (SBP) Ն160 mm Hg or diastolic BP (DBP) Ն95 mm Hg, or taking 2 medications for high BP (stage II hypertension). Alternatively, the subjects had uncontrolled hypertension, i.e., took 1 medication for high BP and had either SBP Ն140 or DBP Ն90 mm Hg. Comparably hypertensive siblings of the proband, as well as low-normotensive siblings, were also recruited. ''Low-normal'' BP was defined as SBP Յ115 mm Hg and DBP Յ76 for males under 45 years of age. For males over 45 years of age, SBP Յ122 and DBP Յ78 were used. For females younger than 45 years of age, low-normal BP was defined as SBP Յ107 and DBP Յ70 mm Hg. For those females over 45 years of age, the cutoffs were SBP Յ118 and DBP Յ75. Individuals with chronic illnesses like diabetes, heart, liver, or kidney diseases and cancer were excluded from the study. However, individuals diagnosed with diabetes as a result of tests done by us were not excluded from the study.
In this study, 1,368 individuals were evaluated. The distribution of family sizes was 178 singletons, and 252, 117, 48, 19, and 8 with 2, 3, 4, 5, and 6 siblings, respectively. Glucose and insulin levels were measured after an overnight fast and 60 and 120 min after ingesting 75 gm of glucose. Total cholesterol, triglycerides, and high-density lipoprotein levels were measured after an overnight fast.
This study was approved by Institutional Review Boards at all participating sites, and all subjects gave written informed consent.
Genotyping. Genotyping was performed by using the TaqMan assay as described (10) . The probes and primers used in the TaqMan assay were as follows. For the T-344C SNP, the probes were CCAAGGCTCCCTC and CCAAGGCCCCCTC (SNP underlined), and the primers were TTGCAATGAACTA-AATCTGTGGTATAAAA (forward) and GAGTAAAATG-GATGGGGACTTTATCTTAT (reverse). For the intron 1 SNP, the probes were AGGGACATGACCCCGTCCAGCAG and AGGGACATGACCCTGTCCAGCAGG, and the primers were ACACTTTGGATTGGGACTGCA (forward) and CT-TCTCCACATCCTCCGGC (reverse). For the Lys-173͞Arg SNP, the probes were CCAGGCCCTGAAGAAGAAGGT-GCTG and CCAGGCCCTGAGGAAGAAGGTGCT, and the primers were GATGCAGTGGCCAGGGACT (forward) and GCTGGACGTCCAGGGTCA (reverse).
Statistical Analysis. Glucose values were transformed to approximate normality and then used in the statistical analyses. Fasting glucose values were raised to the power Ϫ1.4 and multiplied by a constant (Ϫ100,000). Glucose values 60 [oral glucose tolerance test (OGTT) 60] and 120 (OGTT120) minutes after an oral glucose tolerance test were natural log-transformed. To control for additional sources of variation in glucose values, all three transformed values were regressed on body mass index (BMI), age, gender, ethnicity, and geographical origin of subjects. Residuals from the regression were initially used in ANOVA and multivariate ANOVA to examine main effects of aldosterone synthase genotypes. These analyses, however, did not allow for residual correlation of phenotypes in sibships or the fact that sibling genotypes are not independent. Therefore, significant results were followed by variance-component analysis, as implemented in the program SOLAR (11) . This program estimates the proportion of variance explained by a covariate (in this case, the aldosterone synthase genotype) in the presence of background polygenic variance, thus allowing for familial correlation in glucose values. The program also takes into account the nonindependence of sibling genotypes. The heritabilities for fasting and OGTT120 glucose were 49% and 54%, respectively, and highly significant (P Ͻ 0.0000001). SOLAR assumes multivariate normality under the null hypothesis of no association; and, although we transformed the data to approximate univariate normality, it is difficult to test this multivariate assumption. For this reason, we did analyses parallel to those from SOLAR. The variance in residual fasting glucose contributed by the Lys-173͞ Arg or T-344C SNPs in the aldosterone synthase gene was estimated by using a ''method of moments'' approach, which accounts for familial correlation in trait values but does not make assumptions regarding the distribution of trait values. Details of this method are presented in supporting information, which is published on the PNAS web site, www.pnas.org. The inferences from these analyses were indistinguishable from those obtained from SOLAR. Discrete traits like diabetes and impaired fasting glucose were analyzed by using a liability-threshold model as implemented in SOLAR. Because we used siblings in the analysis, we could not rely on standard methods to estimate the significance of the odds ratios. Instead, we estimated odds ratios and their 95% confidence intervals (C.I.s) by using a percentile bootstrap method (12) . For each trait, we drew 1,000 independent samples (with replacement) from the overall sample, each such sample being the same size as the overall sample. An odds ratio was then calculated for each bootstrap sample, and the overall mean of these 1,000 samples was taken as the bootstrap estimate of the odds ratio. To estimate C.I.s, these 1,000 odds ratios were ranked, and the 25th and 975th values were used as the 95% C.I.s.
To estimate linkage disequilibrium among SNPs, one individual was chosen at random from each of the families studied, and pairwise haplotype frequencies were estimated from these 479 individuals by using the expectation-maximization algorithm as implemented in the EH program (ftp:͞͞linkage.rockefeller.edu͞ software͞eh). l Note that the number of individuals used in this analysis is less than the number of families noted above because not all individuals were typed for the intronic SNP. Linkage disequilibrium values (DЈ) were calculated as described (13) .
Results
We typed 1,368 subjects of Chinese and Japanese origin (details of study population are given in Table 1 ) for three SNPs in the aldosterone synthase gene. The three SNPs were a T͞C transition at position -344 in the putative promoter (T-344C; ref. 14); a C͞T transition in intron 1 (recently identified in our laboratory) 353 bp downstream of the 3Ј end of exon 1; and an A͞G variant in exon 3, which results in a lysine͞arginine amino acid substitution at residue 173 (Lys-173͞Arg; ref. 15 ). None of the SNPs was associated with hypertension in our study population, however (data not shown).
We examined pairwise linkage disequilibrium among these three SNPs (Table 2) . Consistent with a previous report (16) , the T-334C and Lys-173͞Arg SNPs were in complete linkage disequilibrium with each other (DЈ ϭ 1, 2 1df ϭ 832.5) and are referred to as a single SNP, Lys-173͞Arg, in the following discussion. The SNP in intron 1, which lies 939 bp downstream from T-344C and 2,119 bp upstream of Lys-173͞Arg, was in weak linkage disequilibrium (DЈ ϭ 0.37, 2 1df ϭ 70.4) with either SNP. Because insulin resistance or syndrome X is frequently associated with hypertension (4), we also evaluated quantitative phenotypes like plasma glucose, insulin, and lipid levels for association with aldosterone synthase genotypes. As shown in Table 3 , neither the Lys-173͞Arg SNP nor the intron 1 SNP were associated with lipid or insulin levels.
In contrast, the Lys-173͞Arg SNP showed highly significant association with fasting plasma glucose levels (P ϭ 0.0000067) and those 60 (P ϭ 0.0089) and 120 (P ϭ 0.0005) minutes after an oral glucose load. Because all three glucose levels were correlated, we also analyzed the data by using multivariate ANOVA, with similar results. Taken together, all three glucose levels were highly significantly associated with Lys-173͞Arg genotypes (P Ͻ 0.0001).
These analyses, however, did not take into account residual correlation in glucose levels within sibships or the fact that sibling genotypes were not independent. Both these factors would tend to reduce the significance of the association between Lys-173͞Arg genotypes and glucose levels. For this reason, we analyzed the data by using a variance-components model that T͞T  715  0  0  380  259  52  T͞C  0  546  0  423  107  0  C͞C  0  0  107  106  0  0 allowed for residual correlations in phenotype and nonindependence of sibling genotypes (see Methods). These results are presented in Table 4 . Consistent with the above analysis, the Lys-173͞Arg SNP showed highly significant association with fasting glucose levels, although, as expected, the P value was slightly less significant (P ϭ 0.000017). Mean fasting glucose values for arginine homozygotes were higher than those for lysine͞arginine or lysine͞lysine genotypes; the difference in mean values between heterozygotes and lysine homozygotes, however, was not significant. These results suggest a model in which the arginine allele is recessive. The aldosterone synthase gene seemed to have a substantial impact on glucose levels because the difference in mean residual values between arginine homozygotes (15.99) and the other genotypes (Ϫ1.01 and Ϫ1.8) was approximately half an SD. This SNP explained Ϸ1.7% of the phenotypic variance and Ϸ3.5% of the genetic variance in fasting glucose levels. There was a similar trend for glucose levels after an OGTT. Arginine homozygotes had higher glucose levels compared with individuals with other genotypes, 60 (OGTT60) and 120 min (OGTT120) after ingesting glucose, although the effect was more pronounced for the 120-min levels ( Table 4 ). The Lys173͞Arg SNP contributed Ϸ0.7% of the phenotypic and Ϸ1.3% of the genetic variance in glucose levels 2 h after an OGTT. Taken together, these observations suggest that the aldosterone synthase gene contributes more to variation in base-line glucose levels than to the response to glucose loading. In contrast to these results, the SNP in intron 1 showed no association with either fasting or OGTT glucose levels (Table 4) .
We could envision two confounding factors that might result in spurious association between aldosterone synthase and glucose levels: population admixture and treatment for hypertension. To determine whether admixture resulted in the association, we stratified the population based on ethnicity and site of recruitment. As shown in Table 5 , arginine homozygotes had consistently higher mean fasting glucose levels in both Chinese and Japanese populations. This difference persisted across sites; arginine homozygotes recruited in the San Francisco Bay area, Hawaii, or Taiwan had higher mean fasting glucose values. Finally, we examined sibships that were segregating the arginine allele. Even in such sibships, arginine homozygotes had higher mean glucose values than their siblings with lysine͞lysine or lysine͞arginine genotypes. These observations make it unlikely that the association between Lys-173͞Arg and glucose levels is merely the result of population stratification.
Certain antihypertensive drugs, like diuretics and ␤-blockers, can affect glucose levels (17) (18) (19) . If the association between aldosterone synthase and glucose levels was the result of an interaction between antihypertensive medication and genotype, then one would expect that the effect would be restricted to medicated individuals. This is not the case, however. Even among unmedicated subjects, arginine homozygotes had higher mean glucose values compared with the other genotypes ( Table 5) .
The observed statistical significance could arise in two ways. First, the entire distribution of glucose values among the arginine homozygotes might be displaced from those of the other two genotypes. Alternatively, arginine homozygotes might have a preponderance of high-glucose values. To distinguish between these possibilities, we compared the distribution of residual glucose values for arginine homozygotes to those for the other two genotypes (because the mean values suggested a recessive arginine model, we combined the lysine homozygotes and heterozygotes). As shown in the Fig. 1A , the distribution of residual fasting glucose values for the arginine homozygotes, compared with the other genotypes, was shifted slightly toward higher values, with a paucity of arginine homozygotes at the lower end Mean and SD for each genotype are given. Residuals were obtained after regressing glucose values on body mass index (BMI), age, gender, ethnicity, and geographical origin. For the sake of clarity, mean values in the untransformed scale (Raw, in mg͞dl) are also given. The P values were obtained from variance-component analysis, allowing for familial correlations in glucose levels, using the program SOLAR.
of the glucose spectrum. Remarkably, the arginine͞arginine distribution seemed to be bimodal-a major peak between values 10 and 20 and a second minor peak between values 50 and 60. The distribution of glucose values 2 h after an OGTT was similar (Fig. 1B) , with a slight decrease in the frequency of arginine homozygotes at low glucose values and a sharp increase in the frequency of arginine homozygotes between values 4 and 5. There was a similar trend for glucose values 1 h after an OGTT (Fig. 1C) , although the pattern was not so consistent. Thus, although there was a shift toward the right in the distribution of residual fasting and 2-h OGTT glucose values for the arginine homozygotes, it seemed that the largest difference in distributions occurred in the right tail, i.e., past the definition of impaired glucose levels.
Consistent with these observations, the Lys-173͞Arg SNP was associated with diabetes status. Although we intentionally excluded diabetics from the study, there were 159 subjects whose diabetes was uncovered as a result of our tests. These individuals had 2-h OGTT values that met the World Health Organization threshold (Ն200 mg͞dl) for diabetes (20, 21) . The frequency of arginine homozygotes in this group was 15% (Table 6 ). In contrast, the frequency of arginine homozygotes in the nondiabetic group was only 7% (odds ratio 2.51; 95% C.I. 1.39-3.92, P ϭ 0.0015). When we considered individuals with impaired fasting glucose levels (Ն110 mg͞dl) as affected (20) (21) (22) , the difference in genotype frequencies was even more striking: 6% of the normal individuals, and 19% of the affected subjects, were homozygous for the arginine allele (odds ratio 3.53; 95% C.I. 2.02-5.5, P ϭ 0.0000036).
Discussion
Because the T-344C and Lys-173͞Arg SNPs are in complete linkage disequilibrium with each other in the populations studied here, we cannot determine which SNP is causative. Deletion of Lys-173 causes pathologically low levels of aldosterone (hypoaldosteronism; ref. 23) , and there was a small but statistically insignificant difference in the activity of aldosterone synthase bearing lysine or arginine residues at position 173 in in vitro studies (14, 24) . The T-344C SNP is in a region that is conserved among several mammalian species and is bound in vitro by the steroidogenic transcription factor SF-1. Deletion of this region, however, did not affect transcription of the aldosterone synthase Mean Ϯ SD for fasting glucose level (mg͞dl) are given. *Geographical origin of subjects. SF Bay, San Francisco Bay area; TSGH, Tri-Services General Hospital, Taipei, Taiwan; NTU, National Taiwan University, Taipei, Taiwan; VGH, Veterans General Hospital, Taipei͞Taichung, Taiwan. † UL, unmedicated low-normotensive; UH, unmedicated hypertensive; MH, hypertensive subjects taking antihypertensive medication. ‡ The median for this group is 107.0 mg͞dl. gene in in vitro experiments (25) . This SNP was associated also with plasma and urinary aldosterone levels (26) (27) (28) (29) (30) . Linkage disequilibrium between the T-344C and Lys-173͞Arg SNPs, however, was not examined in these studies, therefore raising the possibility that, in fact, the Lys-173͞Arg SNP (or another undetected polymorphism in this gene) was causatively associated with differences in aldosterone levels in these studies. It might, at first sight, appear puzzling that the T-344C and Lys-173͞Arg SNPs are in complete linkage disequilibrium with each other and were associated with plasma glucose levels, but an SNP in intron 1 between these two SNPs was only in weak linkage disequilibrium with either SNP and showed no association with glucose levels. One explanation for these observations is that there were two common ancestral haplotypes, T-344͞ Intron 1-C͞Lys-173 and C-344͞Intron 1-C͞Arg-173, and the T allele of the intronic SNP arose on the former haplotype, resulting in the third less common T-344͞Intron 1-T͞Lys-173 haplotype.
How could nucleotide variation in the aldosterone synthase gene contribute to variation in glucose levels and susceptibility to diabetes? One possibility is that the SNPs might affect the activity͞expression of the enzyme, which in turn would affect aldosterone levels. Differences in aldosterone levels might then contribute to variation in the expression͞activity of glucose transporters or sodium͞glucose cotransporters, thereby affecting plasma glucose levels. Alternatively, changes in aldosterone levels might affect plasma potassium levels, which might directly or indirectly, by hindering the action of insulin, contribute to hyperglycemia. Indeed, diabetes is associated with both hyperkalemia and hypoaldosteronism (31, 32) , and glucose infusions decreased plasma aldosterone (33, 34) and potassium levels (34, 35) in nondiabetic individuals. Furthermore, there is evidence that aldosterone can affect insulin receptor mRNA levels, at least in cultured cells (36) , and aldosterone levels have been correlated with insulin resistance (37) . Finally, aldosterone induces the expression of the serum glucocorticoid-inducible kinase gene, whose expression level also responds to changes in glucose and insulin levels (38, 39) , suggesting yet another potential connection between aldosterone and glucose homeostasis. Alternatively, it is possible that arginine at residue 173 affects the activity of aldosterone synthase such that the rate of conversion of an intermediate to aldosterone is reduced. This defect might result in a slight accumulation of an intermediate like corticosterone, a minor glucocorticoid. This mechanism would be consistent with the recessive effect of the arginine allele on glucose levels.
It is also conceivable that, in fact, the adjacent and highly homologous gene 11-␤-hydroxylase, which is involved in glucocorticoid synthesis, determines glucose levels and susceptibility to diabetes, and the SNPs we investigated are merely in linkage disequilibrium with variants in that gene. Additional studies of nucleotide variation and haplotype structure in this region of chromosome 8 will shed light on this issue. Preliminary studies, however, showed no association between variation in the 11-␤-hydroxylase gene and glucose levels in our population (K.R., unpublished observations).
In the present context, it is noteworthy that the rat homolog of aldosterone synthase is located in a region on rat chromosome 7 that is highly significantly linked to plasma glucose levels in the Otsuka Long-Evans Tokushima Fatty rat, a model for type II diabetes (40) . Thus, the aldosterone synthase gene might also contribute to variation in glucose levels in this rat model. In summary, our results, showing highly significant association between genetic variation in the aldosterone synthase gene and plasma glucose levels, suggest a new role for aldosterone in glucose homeostasis. Furthermore, that two flanking SNPs showed highly significant association, but that an SNP in the middle fewer than 3,000 bp from these SNPs showed no association with phenotype, suggests caution in the use of linkage disequilibrium for mapping complex traits. 
Statistical Analysis
An index i refers to family and j to "sibling" within that family. There are n i siblings in the i th family, F i ; thus, j = 1, ..., n i . The observed phenotype for the j th sibling in the i th family, in an appropriate scale, is y ij .
For OGTT(-10) = fasting glucose, the scale is (fasting glucose) −1.4 × (−10 5 ). For OGTT (60) and OGTT (120), both less important here, the scale is logarithmic. We focus in what follows on OGTT(-10). In any case, the model is
Here, µ is a constant, the overall mean. The random f i is the effect of F i on each y ij
The "errors" e ij are random; E(e ij ) ≡ 0, Var(e ij ) ≡ σ 2 e ; α ij is the effect of the genotype of the j th sibling in the i th family on y ij .
Here, the trait is assumed recessive. α ij assumes only two values: α 1 > 0 and α 2 < 0.
Unconditionally, {α ij } are taken to be random.
Conditional on the recessive genotype, α ij = α 1 ; conditional on the other genotypes, α ij = α 2 . We assume that unconditionally, E(α ij ) ≡ 0. Var(e ij ) is then necessarily
{f i , e ij , α ij : j = 1, ..., n i , i = 1, 2, ...} are assumed uncorrelated. They are not assumed independent. Certainly {f i , e ij } are not assumed Gaussian, jointly or even marginally.
If {f i , α i , e ij } were taken to be independent, then it follows from a theorem of H.
Cramér that y ij cannot be Gaussian because α ij is not.
Unconditionally, Var(y ij ) = σ The covariance between y ij and y ij , Cov(y ij , y ij ) = σ 2 α ; thus, the correlation between the phenotypes of siblings is σ We turn now to estimation, in particular to a "method of moments" approach. Because E(f i ) ≡ E(α ij ) ≡ E(e ij ) ≡ 0, unconditional on genotype E(y ij ) = µ. As a consequence, the average of y ij over all siblings and families is unbiased for µ. Call this global averageμ. Now compute {y ij −μ}. Of these, n 1 , say, will have the recessive genotype and n 2 either of the other two genotypes. Average the n 1 numbers {y ij −μ : α ij = α 1 } to obtain the estimateα 1 of α 1 . Average the n 2 numbers {y ij −μ : α ij = α 2 } to obtain the estimateα 2 of α 2 . Note thatμ,α 1 , andα 2 are computed from sibships of all sizes. Now, fix a family i and siblings j and j . Compute (y ij − y ij ) 2 = ((α ij − α ij ) + (e ij − e ij )) 2 = (α ij − α ij ) 2 + (e ij − e 2 ij ) + 2(α ij − α ij )(e ij − e ij ).
Our assumptions on correlations entail that Cov(α ij , e ij ) = Cov(α ij , e ij ) = Cov(α ij , e ij ) = Cov(α ij , e ij ) = 0 .
We estimate (α ij − α ij ) 2 by (α ij −α ij ) 2 , whereα ij isα 1 if α ij is recessive; andα ij =α 2 otherwise;α ij is defined by analogy for sibling j . Also, E{(e ij − e ij ) 2 } = E(e e . This estimate depends primarily on families with at least two siblings, though obviouslyα ij andα ij are computed from all the data. It is inevitable that, with so few assumptions on the components of our model, we will be forced to look mostly within families having at least two siblings to estimate σ Finally, we recall that unconditional on genotype, σ 
